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A novel method for constructing a Bethe-Salpeter kernel for the meson bound-state problem is de-
scribed. It produces a closed-form kernel that is symmetry-consistent (discrete and continuous) with
the gap equation defined by any admissible gluon-quark vertex. Applicable even when the diagram-
matic content of that vertex is unknown, the scheme can foster new synergies between continuum
and lattice approaches to strong interactions. The framework is illustrated by demonstrating that
the presence of a dressed-quark anomalous magnetic moment in the gluon-quark vertex, an emergent
feature of strong interactions, can remedy many defects of widely used meson bound-state kernels,
including the level ordering of pseudoscalar and vector meson radial excitations.
I. INTRODUCTION
Spectroscopy has long been crucial in the search for
an understanding of Nature’s fundamental forces. The
strong interaction spectrum began to demand attention
following discovery of pi-mesons [1–3]. In quantum me-
chanics models [4–6], these pions are bound-states of a
constituent-quark and constituent-antiquark, with two-
body angular momentum L = 0, aligned spins (S = 0),
and principal quantum number n = 1 (radial ground
state). In spectroscopic notation, n (2S+1)LJ , they are
1 1S0 states.
In these terms, the pi-mesons’ spin-flip excitations,
the 1 3S1 ρ-mesons, were discovered a decade later [7].
Shortly thereafter, the pions’ orbital excitations, the 1 1P1
b1-mesons, were found [8]; but it took fifteen more years
to confirm existence of the 1 3P1 orbital excitations of
the ρ-mesons [9, 10], now known as the a1-mesons. A
1 3P0 companion to these states, the σ-meson, in which
a constituent-quark and constituent-antiquark possess
L = 1, S = 1 and J = L+ S = 0, has long been contro-
versial [11]. It is only recently that a credible picture of
a broad resonance with these quantum numbers has be-
come accepted [12]. Plainly, it is not spectroscopy unless
one knows the location of the n = 2 radial excitations
of these states. Candidates for the 2 1S0, 2
3S1 and 2
3P1
states have been identified; but the 2 1P1 state is missing
and the complexity of the 1 3P0 resonance suggests that
it will not be simple to locate and understand its 2 3P0
partner. There are additional gaps at n = 3; and little is
known about n ≥ 4 mesons [13].
Theoretical frameworks must be developed and em-
ployed which can translate this sparse empirical infor-
mation into statements about quantum chromodynamics
(QCD). In particular, one must expose the character of
emergent phenomena in QCD which lead to the existence
of mesons, explain their nature, and produce the ordering
observed in the spectrum [14, 15].
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The approach with the tightest connection to the
Standard Model Lagrangian is computation of the me-
son spectrum via the numerical simulation of lattice-
regularised QCD (lQCD). Such a calculation is reported
in Ref. [16]. It considered anisotropic lattices of two dif-
ferent volumes and quark masses that yield a pion mass
mpi ≈ 0.4 GeV. These settings make it difficult to assess
the effect on the predicted spectrum of finite volume and
explicit violation of chiral symmetry in the simulations.
Chiral symmetry and the pattern by which it is broken
are known to have a heavy impact on strong interaction
observables [17, 18]. Consequently, an unrealistically-
large explicit violation of chiral symmetry can diminish
the reliability of a computation. Recent developments in
lQCD meson spectroscopy are sketched in Refs. [19, 20].
Chiral symmetry is dynamically broken in the Stan-
dard Model, with the pions emerging as the associated
Nambu-Goldstone bosons [21, 22]. In fact, dynamical
chiral symmetry breaking (DCSB) is a pivotal corollary
of emergent hadronic mass (EHM) [23–25]. It is charac-
terised by a momentum-dependent quark mass-function
[26–29], which is large at infrared scales, even in the chiral
limit, when the Higgs coupling to light-quarks vanishes,
and responsible for the generation of more than 98% of
visible mass in the Universe. Hence, to be judged real-
istic, a meson spectrum calculation should elucidate the
consequences of this aspect of EHM.
II. SYMMETRY CONSTRAINTS ON THE
TWO-BODY SCATTERING KERNEL
In continuum analyses, the properties of any colour-
singlet system constituted from a valence-quark and a
valence-antiquark can be determined from a Poincare´-
covariant Bethe-Salpeter equation (BSE) [30–36]. Its in-
homogeneous form may be written:
ΓHαβ(k, P ) = g
H
αβ +
∫
dq
K
(2)
αα′,β′βχ
H
α′β′(q, P ), (1)
where P is the total momentum of the quark+antiquark
system; the Bethe-Salpeter wave function is χH(q, P ) =
S(q+)Γ
H(q, P )S(q−), with S(q) being the dressed-quark
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2propagator, q+ = q + ηP , q− = q − (1 − η)P ; gH is
a combination of Dirac matrices chosen to specify the
JPC channel; K(2) is the two-particle irreducible quark-
antiquark scattering kernel, which carries Dirac indices
for each of the four fermion legs; and
∫
dq
denotes a four
dimensional Euclidean integral, regularised in a Poincare´-
invariant manner. Herein we consider two flavours of
degenerate light-quarks, and suppress all renormalisation
constants and color indices for notational simplicity.
The dressed-quark propagator in Eq. (1) can be com-
puted using the gap equation (l = k − q):
S−1(k) = iγ · k +m+ Σ(k) , (2a)
Σ(k) =
∫
dq
4piαDµν(l)γµS(q)Γν(q, k) , (2b)
where m is the Higgs-produced quark current-mass; α
is the QCD coupling; Dµν(l) is the dressed-gluon prop-
agator; and Γν is the dressed-gluon-quark vertex. The
solution of Eq. (2) is typically written in the form
S(k) = 1/[iγ · k A(k2) +B(k2)] . (3)
The keys to delivering realistic predictions for the me-
son spectrum lie in beginning with a gap equation ker-
nel that expresses DCSB and therefrom constructing a
Bethe-Salpeter kernel which ensures all symmetry con-
straints germane to the spectrum are preserved [37–41].
Stated differently: given α, Dµν , Γν , one must determine
that form of K(2) which ensures all discrete and contin-
uous spectrum-generating symmetries are preserved.
With this goal in mind, consider K(2). Since this ker-
nel carries four Dirac indices and connects two incoming
fermion lines to two outgoing lines, it can be expressed
as the sum of tensor products of two 4× 4 matrices:
K(2)(q±, k±) =
∑
n
K
(n)
L (q±, k±)⊗K(n)R (q±, k±) . (4)
Here, each element K
(n)
L/R is a 4×4 Dirac matrix that de-
pends on four fermion momenta, only three of which are
independent owing to momentum conservation. Equa-
tion (4) is general; but written in this form, one cannot
and need not guarantee that any element K
(n)
L/R is com-
putable as the sum of a series of diagrams.
For a given bound state problem, the matrix gH in
Eq. (1) specifies the JPC quantum numbers. Hence, K(2)
must be even under parity operations, so the following
structures are forbidden in Eq. (4):
1⊗ γ5 , γµ ⊗ γ5γµ , etc. (5)
Moreover, with C the charge conjugation matrix, the fol-
lowing identity is required:
K(2)(q±, k±) =
∑
n
CK
(n)
L (−k±,−q±)C†
⊗ CK(n)R (−k±,−q±)C† . (6)
To wit, K(2) is C-parity even. Finally, since all construc-
tions should respect Poincare´ covariance and the connec-
tion to a local quantum field theory, the CPT theorem
entails that K(2) is T-even.
QCD also has many continuous symmetries, promi-
nent amongst which are those expressed in the vector and
axial-vector Ward-Green-Takahashi (WGT) identities:
iPµΓµ(k, P ) = S
−1(k+)− S−1(k−) , (7a)
PµΓ5µ(k, P ) = S
−1(k+)iγ5 + iγ5S−1(k−)
− 2imΓ5(k, P ) . (7b)
Now using the BSEs obtained with gH = iγµ, γ5γµ and
Eq. (2), Eqs. (7) entail:
Σ(k+)− Σ(k−)
=
∑
n
∫
dq
K
(n)
L [S(q−)− S(q+)]K(n)R , (8a)
Σ(k+)γ5 + γ5Σ(k−)
=
∑
n
∫
dq
K
(n)
L [S(q−)γ5 + γ5S(q+)]K
(n)
R . (8b)
In order to resolve Eqs. (8), we first express
Σ(k) = ΣA(k) + ΣB(k) , (9a)
S(k) = σA(k) + σB(k) , (9b)
where {(ΣA, σA), γ5} = 0, [(ΣB , σB), γ5] = 0. Next turn-
ing to the Bethe-Salpeter kernel, we write
K(2) =
[
K
(+)
L0 ⊗K(−)R0
]
+
[
K
(−)
L0 ⊗K(+)R0
]
+
[
K
(−)
L1 ⊗+ K(−)R1
]
+
[
K
(+)
L1 ⊗+ K(+)R1
]
+
[
K
(−)
L2 ⊗− K(−)R2
]
+
[
K
(+)
L2 ⊗− K(+)R2
]
, (10)
where γ5K
(±)γ5 = ±K(±) and ⊗± := 12 (⊗± γ5 ⊗ γ5).
Using Eqs. (9), (10), Eqs. (8) become
ΣA(k−)− ΣA(k+) =
∫
dq
[
−K(−)L0 σB(q−)K(+)R0
+K
(+)
L0 σB(q+)K
(−)
R0 −K(−)L2 ∆±A(q)K(−)R2
]
, (11a)
ΣB(k−) =
∫
dq
[
−K(−)L1 σB(q−)K(−)R1
+K
(+)
L1 σB(q+)K
(+)
R1 −K(−)L0 ∆±A(q)K(+)R0
]
, (11b)
0 =
∫
dq
[
−K(−)L0 σB(q+)K(+)R0
+K
(+)
L0 σB(q−)K
(−)
R0 +K
(+)
L2 ∆
±
A(q)K
(+)
R2
]
, (11c)
where ∆±A(q) := σA(q−) − σA(q+). It is worth stress-
ing that Eqs. (11) are simply a decoupled re-expression
of the original WGT identities, Eq. (7): no approxima-
tion/truncation has been made.
3III. RESOLVING THE CONSTRAINED
TWO-BODY SCATTERING KERNEL:
FUNCTIONAL ILLUSTRATION
As found when attempting to determine a three-point
function from WGT or Slavnov-Taylor identities [42–48],
there is no unique solution of the constraint equations,
Eqs. (5), (6), (11). Nevertheless, with a gap equation
in hand, one can construct a minimal solution for K(2)
that does communicate any emergent features contained
in the gap equation kernel to meson properties. We illus-
trate this using a gap equation built upon Refs. [49–51].
Consider Eq. (2) and write
4piαDµν(l)Γν(q, k)→ Gµν(l)Γν(q, k) , (12)
where Gµν is a quark-quark exchange interaction and
Γν(q, k) is a dressed-gluon-quark vertex. A modern form
of Gµν(l) is explained in Refs. [49, 51, 52]:
Gµν(l) = I˜ (l2)Tµν(l) , (13)
with l2Tµν(l) = l
2δµν − lµlν and (u = l2)
I˜ (u) = 8pi
2D
ω4
e−u/ω
2
+
8pi2γmF(u)
ln
[
τ + (1 + u/Λ2QCD)
2
] , (14)
where γm = 4/β0, β0 = 11 − (2/3)nf , nf = 4,
ΛQCD = 0.234 GeV, ln(τ + 1) = 2, and F(u) = {1 −
exp(−u/[4m2t ])}/u, mt = 0.5 GeV. Regarding Eq. (14):
(i) 0 < I˜ (0) <∞, reflecting the fact that a nonzero gluon
mass-scale appears as a consequence of EHM in QCD
[52–55]; and (ii) the large-u = k2 behaviour ensures that
the one-loop renormalisation group flow of QCD is pre-
served. Quality (ii) is important when considering, e.g.
the running of hadron elastic and transition form factors
at large momentum transfer [56, 57] and the character
of parton distribution functions and amplitudes in the
neighbourhood of the endpoints of their support domains
[57–60]. However, it plays a far lesser role in the calcu-
lation of masses, which are global, integrated properties.
For masses, (i) is crucial: even a judiciously formulated
momentum-independent interaction can deliver good re-
sults [61]. Hence, we follow Refs. [37, 50] and hereafter re-
tain only the first term on the right-hand-side of Eq. (14).
This simplifies the analysis by obviating renormalisation
without materially affecting the results.
The remaining element in Eq. (12) is Γν(q, k), a rep-
resentation of the dressed-gluon-quark vertex. In the
widely used rainbow-ladder (RL) truncation, Γν(q, k) =
γν [62, 63]. For reasons that are well understood [37–41],
this Ansatz is a good approximation for those hadron
bound-states in which (a) orbital angular momentum
does not play a significant role and (b) the non-Abelian
anomaly can be ignored. However, it fails for all other
systems; its key weakness being omission of those struc-
tures which become nonzero and large as a consequence
of EHM. Such terms typically commute with γ5.
The complete dressed-gluon-quark vertex has twelve
independent structures (t = q + k):
Γν(q, k) ∼ {γν , lν , tν} ⊗ {1, γ · l, γ · t, [γ · l, γ · t]} . (15)
In principle, all could be important; but in practice,
only five play a material role in the expression of
EHM [64]. Amongst those, the dressed-quark anoma-
lous chromomagnetic moment (ACM) is most important
[39, 50, 65, 66]: without DCSB, this term vanishes in the
chiral limit. Hence, to illustrate our approach, we use
Γν(q, k) = γν + τν(l = k − q) , (16a)
τν(l) = σρν lρκ(l
2) , κ(l2) =
η
ω
e−l
2/ω2 . (16b)
In QCD, the dressed-quark ACM form factor, κ(l2), is
power-law suppressed; but the Gaussian form, matching
the infrared-dominant term in Eq. (14), is sufficient for
our illustrative purposes. In using Eq. (16a), following
RL truncation convention, any overall dressing factor F1,
as in F1(l
2)[γν − σνρlρκ(l2)], is implicitly absorbed into
I˜ (l2). (In comparison with Ref. [50], we have chosen the
opposite sign for the ACM term in Eq. (16a) so that,
herein, η > 0 is the physical case.)
Returning to the gap equation, Eq. (2), and introduc-
ing the ACM-improved vertex, one can write
ΣA(k±) =
∫
dq
Gµν(l)γµ [σA(q±)γν + σB(q±)τν(l)] ,
(17a)
ΣB(k±) =
∫
dq
Gµν(l)γµ [σB(q±)γν + σA(q±)τν(l)] .
(17b)
Using these expressions in Eq. (11a), one obtains
K(2) = −Gµν(l)γµ ⊗ γν − Gµν(l)γµ ⊗ τν(l)
+ Gµν(l)τν(l)⊗ γµ +Kad , (18)
where Kad is unconstrained by Eq. (11a).
According to Eq. (10), Kad only involves K
(−)
L1/R1,
K
(+)
L1/R1, K
(+)
L2/R2. In line with the goal of constructing a
minimal symmetry-consistent kernel, we choose the sim-
plest allowable basis for Kad. Given Eqs. (16), this means
Kad = [1⊗+ 1]f (+)p0 + [−Gµν(l)γµ ⊗+ γν ]f (−)p1
+ [1⊗− 1]f (+)n0 + [−Gµν(l)σlµ ⊗− σlν ]f (+)n1 , (19)
where σlν = σρν lρ and f = f(l
2;P 2) are real-valued func-
tions when the arguments are real.
Inserting Eq. (19) into Eqs. (11b) and (11c), one ob-
tains the following equations:∫
dq
Gµν(l)γµσA(q+)τν(l)
=
∫
dq
[
σB(q+)f
(+)
p0 + Gµν(l)γµσB(q−)γνf (−)p1
]
, (20a)∫
dq
Gµν(l)γµσB(q+)τν(l)
=
∫
dq
[
σA(q+)f
(+)
n0 − Gµν(l)σlµσA(q+)σlνf (+)n1
]
. (20b)
4This is a pair of linear, complex-valued integral equa-
tions, giving four real-valued equations that can readily
be solved to obtain the scalar functions which complete
the definition of Kad and hence K
(2).
For an arbitrary vertex in the family specified by
Eqs. (16), we have now arrived at a Bethe-Salpeter ker-
nel that satisfies all necessary and associated discrete and
continuous spectrum-generating symmetries.
In general, beginning with any admissible gluon-quark
vertex Ansatz, the procedure we have described can be
employed to construct a minimal symmetry-consistent
Bethe-Salpeter kernel. This is the strength of the scheme:
no matter the origin or character of the vertex, our
method enables one to construct a Bethe-Salpeter kernel
with which to explore its impact on the meson spectrum.
IV. IMPACTS OF A DRESSED-QUARK ACM
ON THE MESON SPECTRUM
Herein, the gap equation’s kernel is specified by three
parameters: interaction strength, D; interaction range,
ω; and ACM strength, η. For the illustration, we fix
ω = 0.8 GeV because this value is associated with an
interaction that matches results from analyses of QCD’s
gauge sector [52, 54]. On the other hand, we use D and η
to highlight the impact of corrections to RL truncation.
First, to establish natural scales, we note that with
D = DRL = (1.105 GeV)
2, η = 0, i.e. in RL trunca-
tion, and with m = 3 MeV, the coupled gap and Bethe-
Salpeter equations yield mpi = 0.14 GeV and, using the
standard expression [67], fpi = 0.095 GeV. Both values
compare well with empirical results [13].
Increasing η adds DCSB strength to the gap equation’s
kernel; hence, D must be decreased to maintain the same
level of DCSB. The pairing D = (0.92 GeV)2, η = 5/8
yields fpi = 0.095 GeV, mpi = 0.14 GeV at m = 3 MeV.
Using this configuration, we depict m2pi(m) in Fig. 1A.
The red circles are the results produced by our Bethe-
Salpeter kernel. They are compared with two fits:
quadratic : m2pi = m× 5.40(1− 0.077m/mm) , (21a)
linear : m2pi = m× 5.07 , (21b)
where mm = 0.1 GeV. There is little to choose between
the fits. Thus, the kernel we have constructed preserves
the Gell-Mann-Oakes-Renner relation [67, 68].
Furthermore, with a computed value of f0pi =
0.093 GeV, Eqs. (21) yield the following results for the
m = 0 chiral condensate [69]:
quadratic : − 〈q¯q〉 = (0.286 GeV)3, (22a)
linear : − 〈q¯q〉 = (0.280 GeV)3. (22b)
They are mutually consistent and compare favourably
with typical large renormalisation scale values, e.g.
Refs. [49, 70, 71] find −〈q¯q〉 ≈ (0.276 GeV)3.
A stringent pointwise test of kernel consistency is pro-
vided by the chiral-limit Golderberger-Treiman relation
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FIG. 1. Upper panel – A. Pion mass-squared as a func-
tion of current-quark mass, m2pi(m): red circles – numerical
solution; solid blue curve – quadratic fit to numerical re-
sult, Eq. (21a); and dot-dashed green curve – linear fit to
result, Eq. (21b). Lower panel – B. Comparison between
the two sides of Eq. (23), viz. validation of the quark-level
Goldberger-Treiman relation. Results in both panels obtained
with D = (0.92 GeV)2, η = 5/8.
[45, 67]:
f0piE
0
pi(k
2;P 2 = 0) = B0(k
2) , (23)
where the index “0” indicates that the quantity is cal-
culated in the chiral limit and E0pi is the dominant
(pseudoscalar) term in the pion’s canonically normalised
Bethe-Salpeter amplitude:
Γpi(k;P ) = γ5 [iEpi(k;P ) + γ · PFpi(k;P )
+γ · kGpi(k;P ) + σkPHpi(k;P )] . (24)
Figure 1B verifies that our kernel delivers solutions that
satisfy this identity.
It is now possible to display the impact of the dressed-
quark ACM in Eqs.(16) on the meson spectrum; but be-
fore presenting results, it is worth recapitulating a com-
mon method for solving the BSE.
The BSE can be written as an eigenvalue problem:
Γn = λn(P
2)KΓn. Here, λn(P
2) is the eigenvalue; the
Bethe-Salpeter amplitude, Γn, is the associated eigen-
vector; and λn(P
2) > λn+1(P
2) in the absence of level
degeneracies. We use a Euclidean metric, so the on-shell
mass for a meson lies at P 2 < 0.
5The physical solution for the ground-state, n = 1, in
a given channel is obtained when one finds that time-
like value of P 2, closest to P 2 = 0, for which λ0(P
2 =
−m2n=1) = 1; the first radial excitation is found by locat-
ing the value of P 2 for which λ2(P
2) = 1; etc. [72, 73].
Since P 2 < 0 for all physical systems, the variables
q±, k± in Eq. (4) are complex valued. The dressed-quark
propagator in the kernel is thus sampled on some do-
main in the complex plane; and we obtain the solution
using now well-known algorithms [70, 74]. Those solu-
tions possess complex conjugate poles [70, 75]. With the
kernels employed herein, the poles lie outside the sampled
domain for meson masses . 1.3 GeV. In such cases, the
mass and Bethe-Salpeter amplitude are readily obtained.
Today, there are sophisticated methods [76] based on
perturbation theory integral representations [31] for han-
dling states with mass & 1.3 GeV. They provide access to
the meson mass and Bethe-Salpeter amplitude. However,
they are cumbersome to implement. Herein, since we are
only interested in masses, we employ the eigenvalue ex-
trapolation procedure introduced in Ref. [77]; to wit, for
the heavier systems, we compute λn(P
2) on a P 2-domain
that is unaffected by the propagator poles and then ex-
trapolate in P 2 to locate the zero of [1 − λn(P 2)]. This
yields an estimate of the meson’s mass along with an un-
certainty. It does not provide straightforward access to
the associated Bethe-Salpeter amplitude.
The computed RL (η = 0) spectrum is represented
by the open blue circles in Fig. 2A. Extrapolations are
unnecessary because no mass exceeds 1.3 GeV. Indeed,
as shown by the comparison with empirical values (PDG
[13]), the masses computed in RL truncation are too light
in almost all cases except the ground-state (n = 1) pi-
and ρ-mesons. The exception is the f0 channel, which is
a special case, discussed further below. All mismatches
have long been understood as a systematic flaw of the RL
truncation [78–82]. Namely, by preserving the vector and
axial-vector WGT identities, destructive interferences are
ensured between RL correction terms in the ground-state
flavour-nonsinglet-pseudoscalar- and vector-channels. In
all other channels the cancellation between corrections
is less effective and/or some of the interference between
terms is constructive, i.e. it amplifies pieces of the Bethe-
Salpeter kernel that are too weak in RL truncation.
We now employ the kernel construction procedure to
trace changes in the meson spectrum generated by the
ACM term in the gluon-quark vertex. As η is increased
from zero, we reduce D so as to keep the ρ-meson ground-
state mass fixed at 0.75 GeV with m = 3 MeV:
D(η) = DRL
1 + 0.186 η
1 + 0.974 η
. (25)
The η-dependence of selected meson masses is de-
picted in Fig. 2B. As found previously in connection with
ground-state light-quark mesons [39], the EHM-induced
ACM term has a substantial impact, producing consid-
erable improvements over RL truncation. The following
outcomes are worth highlighting.
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FIG. 2. Upper panel – A. Meson spectrum computed in
RL truncation, with D = (1.10 GeV)2; and using the ACM-
corrected dressed-gluon-quark vertex and Bethe-Salpeter ker-
nel (DB, meaning DCSB-improved), with D = (0.72 GeV)2,
η = 2.5. For comparison, empirical results [13] are also shown,
indicated as PDG. Where bands are drawn, they indicate the
quoted mass range. Lower panel – B. η-dependence of selected
meson masses, with D(η) chosen to keep mρ = constant. In
both panels, masses calculated with m = 3 MeV.
(i) With increasing η, the a1 − ρ mass-splitting rises
rapidly from the RL result, which is just 1/3 of the
measured value. The empirical value of ma1−mρ ≈
0.45 GeV is reproduced at η = 2.5. (This is the nat-
ural size [50, 64].) Given that current-algebra and
related models also only produce 2/3 of the em-
pirical splitting [83], this is a significant dynamical
outcome with important implications for the under-
standing of the meson spectrum. For example, in
quantum field theory, one sees the effect as a split-
ting between parity partners being driven wider by
the inclusion of additional aspects of DCSB in the
gluon-quark coupling. On the other hand, from a
quark model perspective, in which the a1 is viewed
as an L = 1 quark+antiquark system, it is natural
to expect that DCSB-enhanced constituent mag-
netic moments would increase spin-orbit repulsion,
driving the a1 away from the ρ(L = 0).
(ii) The computed mass of the f0 system increases
quickly with η, reaching a value of ≈ 1.3 GeV at
η = 2.5. The kernels discussed herein produce a
6hadron’s dressed-quark core. They do not include
the resonant contributions which would typically be
associated with a meson-cloud. This is important
because the lightest scalar meson is now considered
to a complicated system with a material pi+pi− com-
ponent [13, Sec. 62]. Hence, the quark-core mass of
the f0 must be greater than the empirical value
because inclusion of resonant contributions to the
kernels of the gap and Bethe-Salpeter equations in-
troduces additional attraction and provides for the
appearance of a large f0 → pipi decay width [84–86].
It is thus notable that the ACM-improved vertex
result mf0 ≈ 1.3 GeV matches an estimate of the
mass of the qq¯-core component of the f0 obtained
using unitarised chiral perturbation theory [87].
(iii) In RL truncation the radial excitations of the
pi- and ρ-mesons are too light and, with mpi′ −
mρ′ & 100 MeV, ordered incorrectly. Fig. 2B shows
that both defects can be corrected by including a
dressed-quark ACM in the kernels of the gap and
Bethe-Salpeter equations. In fact, at the same
value of η = 2.5 that reproduces the empirical
value of ma1 −mρ, we find mρ′ −mpi′ ≈ 50 MeV,
which is commensurate with the empirical value
170(100) MeV. Given the experimental uncertainty
in the pi(1300) mass, one might doubt that Na-
ture prefers m′ρ > mpi′ . On the other hand, in
heavy+heavy meson spectra, radial excitations of
vector mesons are always slightly heavier than their
pseudoscalar partners.
We complete Fig. 2A by including predictions for me-
son masses obtained using the ACM-corrected gluon-
quark vertex specified by Eqs. (16) in formulating the
kernels of the gap and Bethe-Salpeter equations. In ad-
dition to the observations already made, our analysis
predicts a radial excitation of the b1-meson with mass
mb′1 ≈ 1.5 GeV. Such a 2 1P1 state has not yet been seen.
In preparing Fig. 2A, eigenvalue extrapolations were
used for the b′1, a
′
1, f
′
0. In the first two cases, the un-
certainty is smaller than the size of the associated plot
marker. In the last case, it is a little larger; so we display
a band that expresses the extrapolation uncertainty.
V. SUMMARY AND PERSPECTIVE
We presented a novel, flexible method for deriving a
Bethe-Salpeter kernel for the meson bound-state problem
that is symmetry-consistent with any admissible form for
the dressed-gluon-quark vertex, Γg. The construction is
applicable even if the diagrammatic content of Γg is un-
known, as would be the case if the vertex were obtained
using lattice-QCD. It therefore establishes a route to new
synergies between continuum and lattice approaches to
strong interactions.
The kernel is minimal in the same sense as a resolution
of the Ward-Green-Takahashi identity for the photon-
quark vertex, Γγ , which is free of purely kinematic sin-
gularities. The resolution is not the complete result; but
it is both a key part of Γγ and a tool enabling demonstra-
tions of consequences of emergent hadronic mass (EHM)
that would otherwise be impossible.
The scheme was illustrated using a gluon-quark vertex
that includes the EHM-induced dressed-quark anomalous
magnetic moment, κ. Using a strength for κ commen-
surate with independent estimates, its presence in the
vertex and expression in the Bethe-Salpeter kernel were
shown to remedy known failings of the commonly used
rainbow-ladder (RL) truncation, e.g. correcting both the
mass-splitting between the a1- and ρ-mesons and the
level ordering of the pi- and ρ meson radial excitations.
As this was the first demonstration of the new scheme,
a simplified quark-quark interaction was used. Namely,
the known infrared enhancement was retained but the
short-distance one-gluon-exchange component was ne-
glected. Thus, it would be natural to repeat this study
using a more realistic interaction. Moreover, only light-
quark mesons were considered. The spectrum of states
in 3-flavour QCD is much richer, presenting more oppor-
tunities for discoveries and increased understanding; and
this challenge should be tackled. Finally, the treatment
of baryons using a three valence-quark Faddeev equa-
tion is today only possible using the RL truncation. The
scheme described herein can be extended to overcome
that limitation. These efforts are underway.
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